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The practical viability of technologies that rely on
qubits requires long coherence times and high-fidelity op-
erations1. Superconducting qubits are one of the lead-
ing platforms for achieving these objectives2, 3. However,
the coherence of superconducting qubits is impacted by
broken Cooper pairs 4–6, referred to as quasiparticles,
whose experimentally observed density is orders of mag-
nitude higher than the value predicted at equilibrium by
the Bardeen-Cooper-Schrieffer (BCS) theory of supercon-
ductivity7–9. Previous work10–12 has shown that infrared
photons significantly increase the quasiparticle density,
yet even in the best isolated systems, it still remains much
higher10 than expected, suggesting that another genera-
tion mechanism exists13. Here, we provide evidence that
ionizing radiation from environmental radioactive mate-
rials and cosmic rays contributes to this observed differ-
ence. The effect of ionizing radiation leads to an elevated
quasiparticle density, which we predict would ultimately
limit the coherence times of superconducting qubits of the
type measured here to the millisecond regime. We further
demonstrate that introducing radiation shielding reduces
the flux of ionizing radiation and positively correlates
with increased energy-relaxation time. Albeit a small ef-
fect for today’s qubits, reducing or otherwise mitigating
the impact of ionizing radiation will be critical for realiz-
ing fault-tolerant superconducting quantum computers.
Over the past 20 years, superconducting qubit coherence
times have increased more than five orders of magnitude due
to improvements in device design, fabrication, and materials,
from less than one nanosecond in 199914 to more than 100 µs
in contemporary devices15, 16. Nonetheless, to realize the full
promise of quantum computing, far longer coherence times
will be needed to achieve the operational fidelities required
for fault-tolerance17.
Today, the performance of superconducting qubits is limited
in part by quasiparticles - a phenomenon known colloquially
as “quasiparticle poisoning.” Although it was suggested18 and
very recently confirmed19 that high-energy cosmic rays result
in bursts of quasiparticles that reduce the quality factor in su-
perconducting granular aluminum resonators, to date there has
been no quantitative model or experimental validation of the
effect of environmental ionizing radiation on superconducting
qubits.
In this work, we measure the impact of environmental radi-
ation on superconducting qubit performance. We develop a
model and determine its parameters by measuring the effect
of radiation from a calibrated radioactive source on the qubit
energy-relaxation rate. We use this model to infer the energy-
relaxation rate Γ1 ≈ 1/4ms−1 for our qubit if it were limited
solely by the measured level of naturally occurring cosmic
rays and background environmental radiation present in our
laboratory. We then demonstrate that the deleterious effects
of this external radiation can be reduced by protecting the
device with a lead shield. The improvement in qubit energy-
relaxation time from this independent shielding measurement
is consistent with the radiation-limited Γ1 inferred from the
model. Furthermore, we show that our estimate of the quasi-
particle density due solely to the ionizing radiation agrees
with the observed surplus quasiparticle density in qubits that
are well-isolated from thermal photons7, 10. This finding is
of crucial importance for all superconducting applications in
which quasiparticle excitations are harmful, such as supercon-
ducting quantum computing, superconducting detectors20, 21,
or Majorana fermion physics22.
For emerging quantum processors, one of most commonly
used modalities is the superconducting transmon qubit23,
which comprises one or more Josephson junctions and a shunt
capacitor. The intrinsic nonlinear inductance of the junction in
combination with the linear capacitance forms an anharmonic
oscillator24. The non-degenerate transition energies of such
an oscillator are uniquely addressable, and in particular, its
ground and first excited states serve as the logical |0〉 and |1〉
states of the qubit, respectively. In an ideal situation, qubits
would suffer no loss of coherence during the the run-time
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Figure 1. Schematic of the experiment. a) Illustration of the sample holder and the 64Cu radiation source. The source is
mounted 3.3 mm above the silicon chip containing the superconducting aluminum transmon qubits. b) False-color micrograph
and circuit schematic of the qubit sample. The sample consists of two transmon qubits, Q1 (blue, left) and Q2 (orange, right).
The resonators used to readout the qubits are shown with red and cyan. The resonators are inductively coupled to a common
microwave transmission line, through which both qubit control and readout pulses are sent. The control pulses and the
measurement pulses are generated using microwave sources and arbitrary waveform generators at room temperature (not
shown, see Extended Data Fig. 1a). c) Diagram of the possible quasiparticle generation processes. Incoming ionizing radiation
(from β±, γ , and cosmic rays) interact with the Al qubit and Si substrate, creating electron-hole pairs due to the ionization of
atoms and phonons (see text). The subsequent energy cascade of these particles ultimately breaks Cooper pairs and thereby
generates quasiparticles.
of a quantum computation. However, interactions with the
environment introduce decoherence channels, which for the
case of energy decay, result in a loss of qubit polarization over
time,
p(t) = e−Γ1t , (1)
where p(t) is the excited-state probability and Γ1≡ 1/T1 is the
energy relaxation rate corresponding to the relaxation time T1,
which limits the qubit coherence time. For such processes, the
total energy relaxation rate is a combination of all individual
rates affecting the qubit,
Γ1 = Γqp +Γother, (2)
where Γqp is the energy relaxation rate due to the quasipar-
ticles and Γother contains all other loss channels, such as ra-
diation losses, dielectric losses, and the effect of two-level
fluctuators in the materials25. In the transmon, the quasipar-
ticle energy-relaxation rate Γqp depends on the normalized
quasiparticle density xqp = nqp/ncp and the frequency of the
qubit ωq, such that26
Γqp =
√
2ωq∆
pi2}
xqp. (3)
The Cooper pair density (ncp) and the superconducting gap
(∆) are material-dependent parameters, and for thin-film alu-
minum they are ncp ≈ 4×106 µm−3 and ∆ ≈ 180µeV. This
relation allows us to use the energy-relaxation time of a trans-
mon as a sensor for quasiparticle density in the superconductor
as well as to estimate the maximum energy-relaxation time of
a transmon given a certain quasiparticle density. The thermal
equilibrium contribution to xqp is vanishingly small at the
effective temperature of the sample, Teff ≈ 40mK, compared
with the other generation mechanisms we shall consider here.
Currently, there exists no quantitative microscopic model
directly connecting interactions of ionizing radiation (e.g.,
betas, gammas, x-rays, etc.) to quasiparticle populations in
superconductors. However, a phenomonological picture de-
scribing the processes involved in this connection is shown
in Fig. 1c. The energy of ionizing radiation absorbed in the
aluminum metal and silicon substrate is initially converted
into ionization electron-hole pairs. We purposefully distin-
guish these high-energy excitations due to the ionization of
atoms – which occur in both aluminum and silicon – from the
lower-energy quasiparticle excitations resulting from broken
Cooper-pairs in aluminum. Thereafter, a non-equilibirum re-
laxation cascade involving secondary ionization carrier and
phonon production serves to transfer the absorbed radiation
power to and within the aluminum qubit, where it breaks
Cooper pairs and generates quasiparticles27, 28.
To estimate the effect of the radiation intensity measured
in the laboratory, we employ a radiation transport simulation
(see Methods for details) to calculate the total quasiparticle-
generating power density Ptot close to the qubit due to ra-
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diation sources. We use a simple model for quasiparticle
dynamics,26
x˙qp(t) =−rx2qp(t)− sxqp(t)+g, (4)
where g is the quasiparticle generation rate, which linearly
depends on Ptot, r is the recombination rate, and s is the quasi-
particle trapping rate. A steady state solution for the quasipar-
ticle density is given by xqp = (−s+
√
s2 +4rg)/2r, and if
quasiparticle trapping is neglected (s= 0), then xqp =
√
g/r.
In a separate quasiparticle injection experiment, we verified
that this is a valid approximation in our devices, see Extended
Data Fig. 2 and Supplementary material for discussion. By
substituting the model for xqp into Eq. (3) and using Eq. (2),
the qubit decay rate is given by
Γ1 = a
√
ωqPtot +Γother, (5)
where a is a coefficient accounting for unknown material
parameters and the conversion from absorbed radiation power
to quasiparticle generation rate. In addition to the materials of
the chip, the conversion efficiency depends on the phononic
losses and the thermalization of the sample. The value of a
can be experimentally determined by exposing the qubit to a
known source of ionizing radiation.
Results
Radiation exposure experiment
To quantify the effect of ionizing radiation on superconduct-
ing qubits and to measure the coefficient a in Eq. (5), we
inserted a 64Cu radiation source in close proximity to a chip
containing two transmon qubits, Q1 and Q2, with average
energy-relaxation rates of Γ(Q1)1 = 1/40µs
−1 and Γ(Q2)1 =
1/32µs−1, and transition frequencies ω(Q1)q = 2pi×3.48GHz
and ω(Q2)q = 2pi×4.6GHz, see Figs. 1a and 1c. 64Cu has
a short half-life of 12.7 h, which permits an observation of
the transition from elevated ionizing radiation exposure to
normal operation conditions within a single cooldown of the
dilution refrigerator. 64Cu was produced by irradiating high-
purity copper foil in the MIT Nuclear Reactor Laboratory (see
Methods for details).
The energy relaxation rate Γ1 of both qubits was repeatedly
measured for over 400 hours during the radioactive decay of
the 64Cu source (see Fig. 2a, Methods and Extended Data
Fig. 3b). During this interval of time, the energy relaxation
rate Γ(Q1)1 of Q1 decreased from 1/5.7 µs
−1 to 1/35 µs−1 due
to the gradually decreasing radioactivity of the source, and
similarly for Q2. The half-life was long enough to measure
individual Γ1 values at essentially constant levels of radioac-
tivity, yet short enough to sample Γ1 over a wide range of
radiation powers, down to almost the external background
level. In addition to affecting qubit energy-relaxation time,
the resonance frequencies ωr of the readout resonators shifted
due to quasiparticle-induced changes in their kinetic induc-
tance, consistent with the quasiparticle recombination model
Figure 2. 64Cu radiation exposure experiment. a)
Measured energy relaxation rates Γ1 = 1/T1 of qubits Q1
(blue) and Q2 (orange) as a function of time when exposed to
the 64Cu source. The inset shows an example of the raw data
used for fitting the energy relaxation rates. Blue points are the
median of 20 measured qubit excited-state populations p(t)
at various times after the excitation pulse. Blue bars indicate
the 95% confidence interval for the median. The orange line
is the exponential fit to the data, given in Eq. (1). The
super-exponential decay at short measurement times results
from statistical fluctuations in the quasiparticle-induced
energy-relaxation rate during the 20 measurements29. b)
Power density of the radiation during the experiment derived
from radiation transport simulations (see text). c) Energy
relaxation rates Γ1 as a function of radiation power density.
The solid lines show the fit to the model of Eq. (5). The
dashed lines show the fit to model of Eq. (5) with Γother = 0
and Pint = 0. The vertical red line is the radiation power
density level due to the external radiation Pext.
of Eq. (4). Similarly, we observed a slight shift in the qubit fre-
quencies and a reduced T2 time (see Supplementary material
and Extended Data Figs. 4 and 5).
The intensity of the radiation source used in the experiment
was calibrated as a function of time using the gamma-ray
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spectroscopy of a reference copper foil that had been irradiated
concurrently. The foils included a small amount of longer-
lived radioactive impurities that began to noticeably alter the
radiated power density expected for 64Cu about 180 hours
into the measurements (see Fig. 2b). For both the 64Cu and
the long-lived impurities, the radiation intensities from the
different isotopes were converted to a single ionizing radiation
power density using the radiation transport simulation package
Geant430, 31 (see Methods for details). The contributions of the
different isotopes (dashed lines) and the resulting net power
density (solid line) of the radiation from the source, Psrc, are
shown in Fig. 2b over the measurement time window.
Using the data in Fig. 2b as a method for calibrated time-
power conversion, the energy relaxation rates of qubits Q1
and Q2 are presented as a function of the radiation power
density Psrc (Fig. 2c). In the high-Psrc limit (short times), the
model of Eq. (5) can be fit to the data to extract the value
for the conversion coefficient a= 5.4×10−3
√
mm3/keV by
assuming Ptot ≈ Psrc dominates all radiation sources that gen-
erate quasiparticles as well as all other decay channels. In the
low-Psrc limit (long times), the qubit energy-relaxation rate is
limited predominantly by the decay rate Γother and, to a lesser
extent, by the long-lived radioactive impurities in the foil.
Having determined the coefficient a in Eq. (5), we now
remove the calibrated radiation source. In its absence, the
total radiation power density that generates quasiparticles can
be categorized into two terms, Ptot = Pint +Pext. The term Pint
accounts for radiation power sources that are internal to the
dilution refrigerator, such as infrared photons from higher
temperature stages or radioactive impurities present during
the manufacturing of the refrigerator components. Pext is the
external ionizing radiation source outside the dilution refriger-
ator whose influence on the qubits we attempt to determine in
the shielded experiment described in the next section.
To estimate the contribution of external radiation power Pext
to the data shown in Fig. 2, we directly measured the energy
from the radiation fields present in the laboratory arising from
γ-rays (see Fig. 3) and cosmic rays, including those due to
secondary processes, such as muon fields, using a NaI radia-
tion detector (see Methods and Extended Data Fig. 6e). The
spectra were used to determine the radiation intensities from
cosmic rays and naturally occurring radioactive isotopes in
the laboratory. These measured intensities were then used in
a Geant4 radiation transport simulation to estimate the total
external power density Pext = (0.10±0.02)keVmm−3 s−1 de-
posited in the aluminum that constitutes the resonators and
qubits. About 60% of the external radiation power density
results from the radioactive decays within the concrete walls
of the laboratory (0.06 keVmm−3 s−1), with cosmic rays con-
tributing the remaining 40% (0.04 keVmm−3 s−1). This ex-
ternal power level is indicated with a vertical red band in Fig.
2c. Although statistical errors in the measured intensities are
small, we find a combined systematic uncertainty of approxi-
mately 20%. The different sources’ contributions to the total
systematic uncertainty are detailed in the Methods section.
Figure 3. Environmental radioactivity assessment. a)
Spectrum of γ-radiation in the laboratory measured with NaI
scintillation detector, binned in 8192 energy bins. The data is
fit to the weighted sum of simulated spectra from 238U,232Th,
and 40K progenitors convolved with a response function of
the NaI detector. These isotopes are typical contaminants in
concrete. b) Simulated spectral density of power absorbed in
the aluminum film that comprises the qubit, calculated with
Geant4 using the measured spectrum shown in panel a) and
the emission spectra of the 64Cu source and its impurities. At
t = 0, the spectrum is dominated by 64Cu, after 12 days by
198Au impurities, and after 36 days by 110mAg. 32Si is a
radioactive contaminant intrinsic to the silicon substrate32.
The fluctuations in the simulated spectra are due to finite
simulation statistics.
Using the model in Eq. (5) with the determined parameters
for a and Pext and the known qubit frequencies, the lower limit
on the total energy relaxation rate due to the external radiation
Pext in the absence of all other energy-relaxation mechanisms
is Γ(Q1)1 ≈ 1/3950µs−1 and Γ(Q2)1 ≈ 1/3130µs−1, correspond-
ing to where the dashed lines would intersect the vertical
red band in Fig. 2c. These rates correspond to the point
at which naturally occurring radiation from the laboratory
would become the dominant limiting contributor to the qubit
energy-relaxation rate. Although its effect on the energy-
relaxation time is not dominant for today’s qubits, ionizing
radiation will need to be considered when aiming for coher-
ence times required for fault-tolerant quantum computing. We
can furthermore apply Eq. (3) to estimate the quasiparticle
density caused by the ionizing radiation background, giving
xqp ≈ 7×10−9, which agrees well with the lowest reported
excess quasiparticle densities10.
Shielding experiment
We sought to verify the above result by shielding the qubits
with 10 cm thick lead bricks outside the cryostat to reduce
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the external radiation and thereby improve the qubit energy-
relaxation times, see Fig. 4. The shield was built on a scissor
lift to be able to cyclically raise and lower it to perform an
A/B test of its effect. By using the parameters extracted from
the radiation exposure measurement and the model in Eq. (5),
the expected improvement of the energy relaxation rate due
to the shield can be estimated from
δΓ1 ≡ Γd1−Γu1
= a
√ωq
(√
Pint +(1−ηd)Pext−
√
Pint +(1−ηu)Pext
)
,
(6)
where η is the fraction of ionizing radiation blocked by the
shield and the label u (d) corresponds to the parameters when
the shield is up (down). We can make a realistic estimate of
the efficiency of the shield by measuring the radiation energy
spectrum with and without the shield using a NaI detector,
giving ηu = 46.1%. The shield blocks approximately 80% of
the radiation from the nuclear decay events in the laboratory,
but is inefficient against the cosmic rays, see Methods for
details. From Eq. (6), in the absence of internal radiation
sources (Pint = 0), the expected effect of the shield on the
energy-relaxation rate of Q1 is δΓ1 ≈ 1/15.5ms−1, which is
only 0.26 % of the energy-relaxation rate of qubit Q1.
To detect a signal this small, we measured the energy relax-
ation rates of the qubits while periodically placing the shield
in the up and down positions and then comparing their dif-
ference over many cycles, similar in spirit to a Dicke switch
radiometer measurement33, see Fig 4a for a schematic. A
single up/down cycle of the lead shield lasted 15 minutes.
To accelerate the data acquisition, we installed an additional
sample in the dilution refrigerator with 5 qubits similar to Q1
and Q2.
Fig. 4b shows the histogram of the accumulated differences
in the energy relaxation rates, δΓ1, for all of the qubits over
the entire measurement, normalized to the frequency of Q1
using Eq. (5). From the median of the histogram, we estimate
the shift in the energy relaxation rate δΓ1 = 1/22.7ms−1,
95% CI [1/75.8, 1/12.4] ms−1. The Wilcoxon signed-rank test
can be used to assess if the measured energy-relaxation rates
are lower in the shield up than in the shield down positions,
and it yields a p-value of 0.006. As the p-value is much less
than 0.05, we can reject the null hypothesis that the shield did
not have any effect on the qubit energy-relaxation time with
high confidence, see Methods and Extended Data Fig. 7 for
additional details on the statistical analysis.
In Fig. 4c, we have compared the result of the shielding
experiment to the estimate of the effect of the background
radiation obtained from the radiation exposure measurement.
The orange dot shows δΓ1 extracted from the shielding ex-
periment. The solid blue line shows how this value would
trend based on the predicted effect of the shield at the given
Pext measured in the laboratory for different values of inter-
nal radiation power density Pint. Although we do not know
the exact value of Pint, we can approximate it by substitut-
Q
Q
Shield up
Shield down
Figure 4. Qubit shielding experiment. a) Schematic of
shielding experiment. The qubit energy relaxation rate is
measured N times with the shield up, and then again N times
with the shield down. This cycle is repeated 65 times for
qubits Q1 and Q2 and 85 times for qubits Q3-Q7. b)
Histogram of the differences in energy relaxation rates when
the shield is up versus down. The inset shows the histogram
peak. The orange vertical line indicates the median of the
distribution. Although the median difference in the relaxation
rates between shield-up and shield-down configurations is
only 1.8% of the width of the distribution, it differs from zero
in a statistically significant manner. c) Difference in the
energy relaxation rates in the shielding experiment (orange
dot) versus Pint/Pext. Vertical error bars are the 95%
confidence intervals for the median of δΓ1. Horizontal error
bars are the corresponding confidence intervals for Pint. The
blue line indicates the energy relaxation rate estimated using
the model from the 64Cu radiation exposure measurement
and Eq. (6). The filled blue region shows the confidence
interval for the estimate assuming ± 20% relative error for
Pext. Below the gray dashed line, the experiment is not
sensitive enough to detect δΓ1.
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ing the measured δΓ1 and a into Eq. (6) and by solving for
Pint ≈ 0.081keVmm−3 s−1, 95% CI [0, 1.73] keVmm−3 s−1.
This value for Pint, along with Pext, corresponds to a total
quasiparticle density xqp ≈ 1.0×10−8, again, consistent with
earlier observations10.
Despite the uncertainty in the specific value of Pint, the
results acquired from the two independent experiments agree
remarkably well. We conclude that, in the absence of all other
energy-relaxation mechanisms, the ionizing radiation limits
the qubit energy-relaxation rate to Γ1 ≈ 1/4ms−1. In turn,
shielding the qubits from environmental ionizing radiation
improved their energy-relaxation time. The observed energy
relaxation rate was reduced by δΓ1 ≈ 1/22.7ms−1, which
is an 18 % improvement of the radiation induced Γ1 of the
qubits. The shield was not able to remove all of the effects
of the radiation, due to both the presence of internal radiation
Pint and the imperfect efficiency of the shield.
Discussion
The first reported results of the systematic operation of su-
perconducting transmon qubits under intentionally elevated
levels of ionizing radiation clearly show a deleterious effect on
the performance of the qubits. We quantitatively determined
the impact of radiation power density on the qubit energy-
relaxation time and showed that naturally occurring ionizing
radiation in the laboratory creates excess quasiparticles in
superconductors, reducing the qubit energy-relaxation time.
By employing shielding techniques commonly applied in
neutrino physics and the search for dark matter,32, 34–39 we
improved the energy-relaxation rate of our qubits by approx-
imately 0.2%. Although a rather small improvement for to-
day’s qubits, which are currently limited by other relaxation
mechanisms, a simple model of the ionization generation of
quasiparticles indicates that transmon qubits of this design
will need to be shielded against ionizing radiation – or other-
wise redesigned to mitigate the impact of its resulting quasi-
particles – in order to reach energy relaxation times in the
millisecond regime. Additionally, as was recently done with
resonators19, locating qubit systems deep underground where
cosmic rays and cosmogenic activation are drastically reduced
should provide benefits for advancing quantum computing
research.
Our results also shed light on a decades-old puzzle, namely,
the origin of non-equilibrium quasiparticles observed broadly
in experiments with superconductors at milliKelvin temper-
atures. Our measurements indicate that ionizing radiation
accounts for a significant fraction of the residual excess quasi-
particle levels observed in otherwise carefully filtered exper-
iments, with impact on many fields that employ supercon-
ducting circuitry. For example, excess quasiparticles reduce
the sensitivity of kinetic inductance detectors and transition
edge sensors used in astronomy. Additionally, quasiparticle
poisoning is a major impediment facing topologically pro-
tected Majorana fermions. Identifying ionizing radiation as a
dominant source of excess quasiparticles is a first step towards
developing techniques – such as lead shielding, quasiparticle
trapping, and designing devices with reduced quasiparticle
sensitivity – to mitigate its impact on superconducting circuits,
including those used for quantum computation.
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Methods
Measurement setup
Extended Data Fig. 1a shows the measurement setup used
to measure the energy-relaxation times of the qubits. The
qubit control pulses are created using a Keysight PXI arbitrary
waveform generator. The in-phase and quadrature pulses are
up-converted to the qubit transition frequency using single
sideband IQ modulation. The readout pulses are created simi-
larly. The control and readout pulses are combined and sent
to the sample through a single microwave line. There is a
total of 60 dB attenuation in the line to reduce the thermal
noise from the room temperature and the upper stages of the
dilution refrigerator. In the control line there are eccosorb
filters before and after the sample, which further reduce the
infrared radiation (thermal photons) reaching the qubit. The
control line is inductively coupled to readout resonators R1
and R2.
The control pulses are applied to the qubit via the read-
out resonator, which filters the signal at the qubit frequency.
Nonetheless, by using sufficiently large amplitude pulses, the
qubits can be excited in 25 ns.
The qubit state is determined using dispersive readout via a
circuit QED architecture40. The dispersive readout is based
on the resonator frequency slightly changing depending on the
state of the qubit. The change can be detected by using a sin-
gle measurement tone near the resonator resonance frequency
and measuring the transmitted signal in the microwave line.
The measurement signal is boosted using a chain of amplifiers.
The first amplifier employed is a near-quantum-limited travel-
ing wave parametric amplifier (TWPA), which has a very low
noise temperature and gain up to 30 dB. As with all parametric
amplifiers, the TWPA requires a pump tone, which is driven
by a signal generator at room temperature. The measurement
signal is further amplified by a LNF HEMT amplifier, which
is thermally anchored to the 3 K stage of the refrigerator.
At room temperature, there is a final pre-amplifier followed
by a heterodyne detector. The down-converted in-phase and
quadrature intermediate-frequency (IF) signals are digitized
using a Keysight PXI digitizer (500 MHz sampling rate) and
then further digitally demodulated using the digitizer FPGA to
extract the measured qubit state. Measurement results are en-
semble averaged over many such trials to infer the occupation
probability of the qubit being in a given state.
In the experiments, we used one sample with 2 transmon
qubits, and a second sample with 5 transmon qubits. The
qubits were fabricated using optical and electron beam lithog-
raphy. By construction, the structure of our qubits is kept
simple and pristine – MBE-grown aluminum on top of high-
resistivity silicon – to reduce defects that cause decoherence.
The Josephson junctions have an additional layer of aluminum
oxide in between the aluminum leads and are fabricated using
double-angle shadow evaporation in another UHV evaporator
(different from the MBE). The fabrication is similar to that
described in reference 41.
Extended Data Table 1e shows the relevant qubit parame-
ters. The reported energy relaxation times are median values
during the lead-shield experiment. The values for Q1 and Q2
differ from those reported for 64Cu measurements due to their
fluctuation over time.
Production of 64Cu source
The 64Cu radiation source was created by neutron activation of
natural copper via the capture process 63Cu (n,γ)64Cu. Given
its 12.7 hour half-life, 64Cu is well suited for deployment in
a dilution refrigerator, since it takes 72–100 hours to cool to
base operating temperature. The irradiation took into account
the anticipated 64Cu decay during the cool-down period, by
specifically irradiating at higher levels of 64Cu than used in
the qubit study and then allowing the foils time to decay to
lower levels of activity.
Two copper disks created from the same McMaster-Carr
foil were irradiated with neutrons at the MIT Reactor (MITR).
The two foils are referred to as sample “A” and “A-Ref”. The
irradiated sample “A” was installed in the dilution refrigerator
with the two qubits described in this study, while “A-Ref” was
kept to determine the level of radioactive activation products.
Each of the foils were 7.5 mm in diameter and 0.5±0.1 mm
thick and had a mass of 178.5 mg and 177.6 mg, respectively.
The total neutron irradiation exposure was 7 minutes and
14 seconds in duration. Using a high purity gamma-ray spec-
trometer, the “A-Ref” sample was used to determine the 64Cu
activation level. We determine the activity of sample “A” to
be (162±2) µCi at 9:00 AM ET May 13, 2019. This activity
is based on measurements of 64Cu’s 1346 keV gamma-ray.
Despite the high copper purity (99.99%), trace elements
with high neutron cross-sections can also be activated from
the neutron irradiation process. The same HPGe counter was
used to determine the presence of other trace elements, the
results of which are reported in Extended Data Table 6a.
Operation of NaI detector
A standard commercial NaI detector measures energy de-
posited in the NaI crystal through the scintillation light cre-
ated when γ- or x-rays scatter atomic electrons in the crystal.
The magnitude of the scintillation light signal, measured by
a photomultiplier tube (PMT), is proportional to the energy
deposited in the NaI crystal by the incident radiation. As
the specific energy of γ- or x-rays are indicative of the ra-
dioactively decaying nucleus, an energy spectrum measured
by the NaI detector can be used to determine the relative
contributions of ionizing radiation in the laboratory due to
different naturally occurring radioactive isotopes. In a normal
laboratory environment, the dominant naturally occurring ra-
dioactive nuclei consist of isotopes in the uranium (238U) and
thorium (232Th) decay chains as well as 40K. These features
are identified in Fig. 3a).
It is possible to reduce the high voltage applied to the
PMT, effectively reducing the gain on the scintillation light
signal from the NaI detector. This enables the measurement of
ionizing cosmic rays – and the secondary radiation produced
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by them – as determined mainly by spectral features above 2.7
MeV42 (see Extended Data Fig. 6e for the measured spectrum).
We can fit the known spectrum of cosmic rays to the measured
spectrum to find the cosmic ray flux in the laboratory. The fit
is shown in Extended Data Fig. 6e. Note that below 2.7 MeV
the large difference between the measurement and the fit is
due to the radiation from nuclear decays, as shown in Fig. 3a.
Radiation transport simulations and normalization
To estimate the power density imparted into the qubits by
radiation, we developed a radiation transport simulation. The
simulation was performed using the Geant4 toolkit31 which is
designed for modeling the interaction of radiation and parti-
cles with matter. The simulation geometry included a detailed
model of the layers of the Leiden cryogenics CF-CS81 dilu-
tion refrigerator, the mounting fixtures and containment for
the qubit, and the activated copper foil as it was located for
the experiment. The qubit chip is modelled as a 380 µm thick
piece of silicon with a 200 nm aluminum cladding. Input
power density is estimated by measuring simulated energy
deposited into the aluminum layer. Three separate radiation
source terms are considered: 64Cu and the other isotopes in
the activated copper foil, naturally occurring background radi-
ation primarily from the concrete walls of the laboratory, and
cosmic ray muons.
To estimate the effect of isotopes in the copper, we make
use of Geant4’s radioactive decay simulation capabilities. In-
stances of each isotope are distributed uniformly throughout
the simulated foil volume. Geant4 samples the available decay
modes for that isotope with appropriate branching fractions,
and generates the corresponding secondary particles (gammas,
betas, positrons, etc), which are then tracked until they have
deposited all their energy. By tallying up these events, we
can estimate the average input energy density into the qubit
substrate per decay, or equivalently the average power density
per unit of isotope activity. The total simulated spectrum at
various times during the qubit measurement campaign are
shown in Fig. 3b.
To understand the background ionizing radiation levels
present in the MIT laboratory where all qubit devices are
operated, a 3′′×3′′ NaI scintillator detector was deployed near
the dilution refrigerator where the qubit measurements were
made. The detector was represented in the radiation transport
simulation as a bare NaI cylinder (not including any housing,
photomultiplier tube, etc). Gammas with an energy spectrum
following the equilibrium emissions of the most common
radioactive isotopes (238U, 232Th, and 40K) are simulated
starting in a sphere surrounding the NaI detector with an
isotropic initial direction. A small number of simulations were
run with different-sized initial locations to evaluate the impact
of this parameter, yielding a 10% systematic uncertainty.
In order to fit to the measured data, the simulated energy
deposits must be “smeared” to account for the detector’s finite
energy resolution. We used a quadratic energy scaling func-
tion to map energy to measured ADC counts, and a quadratic
resolution function as a function of energy:
σ2 = σ20 +σ
2
1E+σ
2
2E
2 (7)
Each of the energy scale and resolution coefficients is left
free in the fit, as well as the flux of each isotope, for a total
of 9 free parameters. The result for a fit over the range 0.2
- 2.9 MeV is show in Fig. 3a. The fit is much better when
performed over a narrower region of the data. This could be
improved with a more sophisticated response function, but
we address the issue by performing the fit separately over
three energy ranges: 0.2-1.3 MeV, 1.3-2.9 MeV, and 0.2-2.9
MeV, and taking the difference as a systematic uncertainty.
This result is reported in the first line of Extended Data Table
6b. In total the uncertainty in the fits contributes 8% to the
systematic uncertainty. The simulated energy deposition effi-
ciency for each external isotope is approximately equal to 0.04
keV/s/mm3 per cm−2s−1, which yields a total power density
from environmental gammas of 0.060±0.005 keV/s/mm3.
The same NaI detector, operated at lower gain, is used to es-
timate the cosmic ray flux, see Extended Data Fig. 6e. Cosmic
ray muons are simulated in a 1 m square plane above the detec-
tor, using the CRY package to generate the energy spectrum
and angular distribution43. The muon flux taken directly from
CRY is 1.24×10−2cm−2s−1. A fit to the low-gain NaI data,
using the same convolutional technique as for gammas, yields
(9.7±0.1)×10−3cm−2s−1, or about 20% lower than the CRY
value. The same simulation gives an energy deposition effi-
ciency in the qubits of (4.3±0.2) keV/s/mm3 per cm−2s−1
of cosmic ray muon flux. This, in turn, yields a cosmic-ray
induced power density of (0.042±0.002) keV/s/mm3.
Throughout this work, we have based our analysis on the
absorbed power density in the aluminum. However, radiation
will also interact and deposit energy in the silicon substrate.
How much of this energy, if any, reaches the aluminum layer
and is converted to quasiparticles is unknown, in part be-
cause we do not know the relevant coupling rates between
silicon and aluminum or the various recombination rates of
the quasiparticles. This motivated our use of a calibrated 64Cu
source, which we use to parameterize the net effect. In fact,
as we show below, whether we consider aluminum only, or
aluminum plus silicon, the difference in the net result changes
by at most order unity. This somewhat counterintuitive result
arises, because the power densities in aluminum and silicon
are approximately the same, and because the 64Cu captures
the net effect in either case.
Although 64Cu captures the net effect well, small differ-
ences arise due to how the radiation is emitted and absorbed.
For example, in comparison to highly penetrating radiation,
64Cu deposits a larger fraction of its emitted energy into the
aluminum, because a larger fraction is emitted as betas. If the
quasiparticle density is dominated by energy from the silicon
rather than the aluminum, the relative strength of 64Cu to the
other trace activated isotopes would be approximately 60%
lower. The external power density induced from environmen-
tal gammas is approximately 20% lower, while the cosmic
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ray power density is 13% higher, for a net 7% total increase
in external power. The lead shielding effectiveness (η) is
also approximately 15% higher for the silicon than aluminum.
By choosing aluminum, we are taking the most conservative
estimate for the impact of environmental radiation on qubit
energy relaxation.
We now show that these differences are at most an effect of
order unity. If, for example, the quasiparticle generation rate is
dominated by the total absorbed power in the silicon substrate,
we can estimate the maximal relative error in the estimate
of Γ1 by comparing the ratios of the power densities of the
external radiation Pext absorbed in the aluminum film and the
silicon substrate to the ratios of power densities induced by
the 64Cu source as
fc =
√
PAlsrc(t)
PSisrc(t)
× P
Si
ext
PAlext
≈ 1.6. (8)
This would would increase our estimate of the effect of the
external radiation on the qubit energy-relaxation rate from
Γ(Q1)1 = 1/(4ms) to Γ
(Q1)
1 = a
√
ω(Q1)q Pext fc ≈ 1/(2.5ms).
See Supplementary material for the derivation of the above
formula. Note that the calculation is an upper-limit estimation,
which would be reached only if the total phonon coupling be-
tween the silicon substrate and the aluminum is much stronger
than the coupling between the sample and the sample holder.
Measurement of the qubit energy relaxation rate
At the beginning of the measurement, all the qubits are initial-
ized in their ground states. Due to the finite temperature of
their environment and hot quasiparticles6, 7, there is a small
excited state population, approximately 1.7% for these qubits
and their qubit transition frequencies. This corresponds to an
effective temperature Teff ≈ 40mK6. At this temperature, the
thermal quasiparticle population can be estimated to be
xthermalqp =
√
2pi
kBT
∆
e−
∆
kBT ≈ 7×10−24. (9)
It is interesting to note that the quasiparticle density xqp ≈
7× 10−9 due to ionizing radiation (inferred from our 64Cu
measurements) would correspond to an equilibrium quasipar-
ticle temperature T ≈ 120 mK – consistent with the tempera-
ture below which qubit parameters such as T1 stop following
an equilibrium quasiparticle model in previous experiments
(around 150 mK, see for example References 7 and 29).
The qubit energy relaxation rate Γ1 is measured by first
driving the qubits to their first excited state using a microwave
pi-pulse, see Extended Data Fig. 3b. The state of all the
qubits is measured simultaneously after time t, which gives
an estimate for their residual excited-state population p(t).
By changing t, the time evolution of the populations can be
determined. The model described in Eq. (2) in the main text
can be fitted to the measured data to find the energy-relaxation
rate Γ1 of the qubits.
Estimating the internal radiation rate Pint
An accurate estimate of the internal radiation rate Pint is im-
portant for comparing the feasibility of the shielding effect
of the lead shield to the estimated effect of the external radi-
ation power density on the qubit energy-relaxation rate δΓ
extracted from the 64Cu experiment. A simple way for making
the estimate is to extract it from the fit to the data in Fig. 3c.
However, the accuracy of the estimate is relatively low, since
it is difficult to separate Pint from the energy-relaxation rate
of the qubit due to sources other than quasiparticles, Γother.
In principle, it is possible to distinguish the two sources, be-
cause according to Eq. (4), the scaling of Γ1 is proportional to√
Pext +Pint +Psrc whereas the internal energy-relaxation rate
Γother contributes linearly to Γ1, see Eq. (2). In practice, this
is quite inaccurate, especially if quasiparticle loss is not the
dominating loss-mechanism.
Instead, we employ the shielding experiment to calculate
an upper bound for Pint. In the limit of Pint  Pext, we can
calculate an asymmetry parameter for the energy-relaxation
times in the shield up or down positions,
Ai = 2
Γd,i1 −Γu,i1
Γd,i1 +Γ
u,i
1
≈ η
u−ηd
2
Pext
Pint +
Γother
a√ωq
, (10)
where the index i refers to different rounds of the shield
up/down experiment. The internal radiation rate Pint can be
estimated using the experimentally measured median asym-
metry parameter as
P˜int ≈ (η
u−ηd)
2〈A〉 Pext = 7.9keVmm
−3 s−1, (11)
where P˜int = Pint +
Γother
a√ωq , and 〈A〉 ≈ 0.0028 (see Extended
Data Fig. 8). This gives the upper bound for Pint. Due
to the other relaxation mechanisms, the actual value of Pint
is lower. For example, Γother = 1/200µs−1 would yield
Pint ≈ 1.6keVmm−3 s−1 for the parameters of Q1. Here we
emphasize that the estimate of the asymmetry parameter is
based on the data gathered on all the seven qubits employed in
the lead shield experiment, with all the qubits having different
(fluctuating) values of Γother.
Efficiency of the lead shield
The reduction factor of external γ-radiation by the lead shield
was evaluated using the radiation transport simulation de-
scribed previously. In the simulation, γ-rays with energies
drawn from the equilibrium emission spectra for 238U, 232Th,
and 40K were generated isotropically from the surface of a
sphere with 2.4 m diameter, centered on the qubits. The
sphere comletely enclosed the model for the lowered lead
shield and the dilution refrigerator. The fraction of flux Φ
reaching a smaller 17 cm diameter sphere (fully inside the
DR) was recorded. Extended Data Table 6b shows the results
for the no shield, shield down, and shield up, as well as the
individual shield efficiency values ηu = 1− (Φu/Φno shield)
and ηd = 1− (Φd/Φno shield).
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A similar simulation was performed to calculate the effi-
ciency of the lead shield against cosmic rays. As expected, the
lead shield is ineffective at blocking cosmic rays, but works
well against γ-rays originating from the nuclear decay events
in the laboratory, see Extended Data Table 6c.
To validate the simulations, the NaI detector was operated
separately inside the lead shield at the approximate location of
the qubits in the shield-up configuration. This configuration
was also simulated, and the output fit to the measured spec-
trum using the same fit procedure as for the bare NaI. If the
simulation and fit procedure are accurate, both fits should give
the same values for the input flux. The results are reported in
the first rows of Extended Data Table 6b. The results for U
and Th are consistent, while the values for K differ by about
2.5σ . It may be that the lead itself has a high level of 40K, but
we treat this as a systematic uncertainty, which is 7% of the
total gamma flux.
Extended Data Fig. 1b-d shows a diagram of the lead shield
and its dimensions.
Statistical analysis of the lead shield experiment
Since there are significant fluctuations in the internal energy
relaxation rates Γother of the qubits, we performed a careful
A/B test to verify that the effect of the lead shield on the qubit
energy-relaxation time was not due to statistical error. In
the measurement of the energy relaxation rates of the qubits,
there is uncertainty both due to the measurement accuracy
and the fluctuations and drifts in the energy relaxation rates
over time. To reduce the uncertainty due to the measurement
accuracy, we measured the energy relaxation rates N times in
each step of the A/B test. After N measurements the position
of the lead shield was swapped (up versus down) and we
performed another N measurements. This cycle was repeated
65 times with a sample containing qubits Q1 and Q2. To
accelerate data acquisition, we installed a second sample with
5 qubits (Q3-Q7) and repeated the measurement cycle an
additional 85 times. We used N = 50 for qubits Q1 and Q2,
and N = 10 for qubits Q3-Q7, see Extended Data Fig. 3a
and c for the measured energy-relaxation rates. The median
energy-relaxation times of the qubits are listed in the Extended
Data Table 1e.
In the spirit of a Dicke radiometer experiment, performing
repeated short measurement cycles was crucial for reducing
the uncertainty in the relaxation rates due to drifts that oc-
curred on time scales longer than the cycle period. The drift
has been attributed in part to fluctuating two-level systems in
dielectrics close to the qubit and in the junction region. How-
ever, by raising and lowering the shield often enough (every
50th measurement for qubits Q1 and Q2, and every 10th mea-
surement for qubits Q3-Q7) the slow drift is mostly cancelled.
Extended Data Fig. 3d shows the spectral density of the T1
noise for qubits Q3, Q4, Q6, and Q7. The noise power den-
sity approximately follows a power law S = const/ f α with
α ≈ 1.5. The fit to the model is shown with solid orange
line. The noise power density at the lead shield up/down cycle
frequency of 1/(15±1min) is 3.4×104 µs2 Hz−1. The noise
power in the measurement can be estimated by integrating the
spectral density over the noise bandwidth, which for the lock-
in measurement yields 49 µs2 (shaded red area in Extended
Data Fig. 3d). If all the data was gathered sequentially, the
noise power can be estimated to be 718 µs2 (gray shaded are
in Extended Data Fig. 3d), over an order of magnitude higher
than in the Dicke experiment.
We used the median to estimate the net change of δΓ1 (be-
tween shield-up and shield-down configurations) to reduce
sensitivity to individual measurement outliers. The quasipar-
ticle contribution to the energy relaxation rates of the qubits
depends on their frequencies according to Eq. (5), and there-
fore we have normalized the changes in the energy relaxation
rates to the frequency of Q1 by multiplying by a conversion
factor
√
ω(Q1)q /ω
(Qi)
q .
We neglected a small percentage of the total data points
where Γu1 or Γ
d
1 were less than 1/30 µs
−1 or their difference
was more than 10 standard deviations of all the measured dif-
ferences, as these tended to indicate suspect rates derived from
poorly resolved decay functions. We then calculated the 95%
confidence intervals for δΓ1 using the normal approximation
for the confidence interval of the sample median44.
We applied the Wilcoxon signed-rank test to determine
if the median of the two distributions (corresponding to the
shield-up versus shield-down configurations) differ in a statis-
tically significant manner. This is a non-parametric test and
can be used for data that are not normally distributed. For
δΓ1, the single-sided Wilcoxon signed-rank test gives a p-
value p= 0.006 for the null hypothesis that the median of the
energy relaxation rates with the shield is the same or higher
than without the shield. The test statistic w≈ 25000000 with
a sample size of 9846. For a p-value 0.05, we can reject
this null hypothesis and conclude that the shield reduces the
energy-relaxation rate.
We performed several tests to verify the correctness of our
statistical analysis. First, we checked that the result is not
sensitive to the post-processing we performed on the data.
The first panel of Extended Data Fig. 7a shows the p-value of
the Wilcoxon signed-rank test for a range of different cutoff
parameters. The p-value remains low for all the sensible
parameters we tested, verifying that the finding is not an
artifact of post-processing or parameter selection. The median
value is even less sensitive to the post-processing, shown
in the lower-left panel. The blue diamond in the upper-left
corner shows the point where no post-processing is done. The
blue circle shows the values which we use in the main text,
T cutoff1 = 30µs and n
cutoff
σ = 10.
Next, we tried shuffling the data by comparing the energy
relaxation rates of the measurements to the next measurement
without moving the shield. In this case, we would expect
the signal to completely vanish, and the null hypothesis to be
manifestly true. The result is shown in the middle column of
Extended Data Fig. 7a. In this case, the p-value is close to
1, which implies that we must accept the null-hypothesis that
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there is no signal if we don’t move the shield, as expected.
In the third test, we completely randomized the pairs of
measurements which we compare, resulting in overall high
p-value, supporting our analysis (third column).
Extended Data Fig. 7b shows a cutoff of Extended Data Fig.
7a along the dashed lines in the left and middle panels. The
filled areas show the 95 % confidence interval of the medians.
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Extended Data Fig. 1. Experimental set-up. a The diagram shows a simplified block diagram of the room temperature
electronics and dilution refrigerator configuration used for measuring the qubit frequency and coherence times. Panels b-d
show the schematic of the lead shield used to block environmental radiation. The lead shield can be raised and lowered using a
scissor lift. b In the up-position, the qubits were 17 cm below the edge of the lead shield. c In the lowered position the edge of
the lead shield was 120 cm below the qubits. d Picture of a partially-raised lead shield [in between the configurations shown in
panels b and c]. The lead bricks are wrapped in protective plastic film. e The parameters of the qubits used in the lead shield
experiment.
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qp-injection readout
Extended Data Fig. 2. Quasiparticle injection experiment. a shows the pulse sequence in the quasiparticle injection
experiment. First a strong microwave pulse is applied for the duration of dqp to the resonator, which excites quasiparticles.
After time tqp the energy-relaxation time of the qubit is measured. b shows the energy relaxation rate of the qubit Q1 during
the quasiparticle injection experiment (blue dots). A solid green line shows a fit to the data using the full model that includes
quasiparticle trapping and recombination. Orange dash dotted line shows the model with only recombination, dotted line shows
the same model without the internal quasiparticle relaxation rate Γother. Blue dash dotted line shows the fit to the model that
only includes trapping of quasiparticles. Dotted blue line shows the trapping model without Γother.
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readout
Extended Data Fig. 3. Energy-relaxation times in the shielding experiment. Energy relaxation times T1 for qubits
Q1-Q7 during the lead shield experiment while the shield is in up (blue) or down (orange) positions. b shows the pulse
sequence used to measure the energy relaxation rate of all the qubits. First a pi pulse is applied to all the qubits. After time t a
measurement pulse is used to determine the state of the qubits. The qubit excited state population relaxes exponentially as a
function of time. Blue circles show the measured qubit excited state populations and the orange line is an exponential fit using
the model of Eq. (2). c Stacked histogram of the combined energy relaxation times for all of the qubits in the lead shield
experiment. d Plot of the noise power spectral density during the lead shield experiment for qubits Q3, Q4, Q6, and Q7. The
red dashed red line marks the rate of a single cycle of the lead shield. The green dashed line shows the estimated measurement
period if all the data was gathered sequentially. Orange line is a fit to a power law S= const/ f α with α ≈ 1.5.
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Extended Data Fig. 4. Resonator single-tone spectroscopy. a-d show the transmission profile of resonator 1 as as a
function of readout power and readout frequency at different times throughout the experiment. When exposed to a high level of
radiation, the resonator frequency becomes unstable in the dispersive regime which is used for reading out the qubit. The
resonator becomes more stable as the radiation source decays. e shows the change in the resonance frequency, ∆ωr, due to
radiation through out the experiment. We observe that the median ∆ωr follows an exponential decay with a half-life of
t1/2 = (21.74±2.8)h. Furthermore, in f we see the full-width-half-max (FWHM) of the resonator also exponentially decay
with a half-life of t1/2 = (24.16±0.78)h until converging to the control value.
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Extended Data Fig. 5. Qubit frequency shift. a The frequency of the qubit can be determined from a Fourier transform of
a Ramsey measurement, shown in the panel at different times after installation of the 64Cu source. We plot the inferred qubit
frequency by offsetting the measured Fourier transform spectra by the frequency of the control pulses. The orange dashed lines
show the shift in the average qubit frequency during the experiment. b The pulse sequence used in a Ramsey measurement.
First pi/2-pulse prepares the qubit in a superposition state. The phase of the qubit state evoles during time t, after which a
second pi/2-pulse is applied before the measurement pulse. c-e Ramsey oscillations and fit T2 times are shown at 152 h, 212 h
and 340 h after installation of the 64Cu source. The dashed lines in panel a show the times at which the measurements are
performed.
18/24
Extended Data Fig. 6. Radiation transport simulations. a Isotopes measured to be present in the sample “A-Ref” and the
activity inferred for each in sample “A” as of May 24, 2019 at 4:00 PM Eastern time zone. b Results from simulations of
environmental radiation sources in the laboratory environment. The background gamma flux is obtained by a fit to a
measurement with a NaI scintillator (Fig. 3a), simulating and measuring both with and without the lead shield in the “up”
position. Cosmic rays were also measured and simulated for both shield-up and shield-down conditions; the shield did not have
a measurable effect in the “up” position, as expected, and the effect is taken to be zero in the “down” position. c The Average
shield efficiency values for η are weighted by each component’s contribution to total external power. Statistical uncertainties
on the fraction of flux reaching the interior of the DR are all 0.0001; uncertainties on η values for individual isotopes are all
approximately 0.001. d Power densities absorbed in silicon and aluminum. e The figure shows the spectrum of the energy
deposited in a NaI detector by cosmic ray muon secondaries measured in the laboratory. Blue solid line shows the known
cosmic ray muon spectrum fit to the measured data. The spectrum corresponding to energies below the dashed red line is
shown in Fig. 3a. Note that in the spectrum shown here a different energy bin width is used to capture higher energy scales.
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Extended Data Fig. 7. The effect of post-processing on the lead shield effect A/B test. a The upper row shows the
p-value of the Wilcoxon signed rank test for three different test cases and for the different post-processing parameters. On the
horizontal axis the T cutoff1 is varied. The vertical axis shows the effect of applying a cutoff to the difference in the energy
relaxation rates when the shield status is changed. The first column shows the actual data. The middle column shows a
reference experiment, where the energy relaxation rates are compared without moving the shield. The last column shows the
data when the energy relaxation rate pairs are randomized. The lower row shows the median of the effect of the shield on the
energy relaxation rate δΓ1. b The median of δΓ1 along the dashed lines in a. The filled area shows 68% confidence intervals
for the median.
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Extended Data Fig. 8. Asymmetry parameter distribution. The distribution of the asymmetry parameter 〈A〉 of the
energy relaxation rates between the shield in up or down position.
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Supplementary material
Quasiparticle injection experiment
Quasiparticles can be injected into the circuit to study their re-
laxation dynamics. Here we attempt to determine whether the
quasiparticle dynamics are dominated by the recombination
rate r or trapping rate s, see Eq. (4) in the main text. In the
absence of the external generation rate, the time evolution of
the quasiparticle density can be solved from the differential
equation in Eq. (4), see also Reference 26 in the main text,
xqp(t) =
xqp(0)s
−rxqp(0)+ est(s+ rxqp(0)) . (12)
In the two limiting cases of no trapping or no recombination
the time evolution can be simplified as
xqp(t) =
xqp(0)
1+ xqp(0)rt
(13)
or
xqp(t) = xqp(0)e−st , (14)
respectively.
Following the experimental protocol introduced in Refer-
ence 26 in the main text, quasiparticles can be generated by
strongly driving the resonator coupled to Q1. The energy
pumped into the resonator creates a voltage over the Joseph-
son junction of the qubit and breaks Cooper pairs, resulting
in an elevated quasiparticle density. The generated quasiparti-
cles then gradually diffuse into the superconducting material
around the Jospehson junction. We observed that a steady
state in the quasiparticle density in the qubit was reached
after dqp = 10ms of quasiparticle injection, see Fig. 2a for
the pulse sequence. After the initial quasiparticle injection
pulse, the quasiparticle density was estimated by measuring
the qubit energy relaxation rate, see Eq. (3) in the main text.
By changing the delay between the injection pulse and the
energy relaxation rate measurement, we can determine the
quasiparticle relaxation dynamics in our device, see Extended
Data Fig. 2. We fitted the full model of Eq. (12), shown by the
solid green line in Extended Data Fig. 2b. The fit includes the
internal relaxation rate of the qubit, Γother ≈ 1/35µs−1. The
dash dotted orange line shows the fit using a model that only
includes recombination. This line almost exactly matches the
fit using the full model, confirming our assumption that recom-
bination is the dominant quasiparticle decay process in our
devices. The dotted orange line assumes no internal energy
relaxation Γother = 0. The blue dash dotted line shows the
model which assumes trapping as the only decay mechanism
of quasiparticles. The dotted blue line shows the model with-
out Γother. The model that assumes only trapping is strongly
disfavored by the data. From the full model, we extract values
for s and r and conclude that the action of the quasiparticle
trapping rate s is negligible compared with the recombination
rate r.
Resonator measurements
Each qubit on the device is addressed and operated via a
separate resonator using a microwave probe pulse in the qubit-
resonator dispersive regime. To experimentally determine the
resonant frequency of the resonator, we scan both the probe
frequency and probe power and record the response. In the
absence of radiation, at relatively low powers, the resonator
frequency depends on the qubit state and serves as the basis
for dispersive qubit readout. In the high-power regime, the res-
onator effectively decouples from the qubit and its frequency
is “locked” and (ideally) independent of the qubit state. We
systematically repeat this frequency and power scan at dif-
ferent source radiation intensities to study the behavior of
our resonators in the presence of ionizing radiation. In the
presence of radiation, in principle, such a measurement could
provide a means to distinguish the impact of radiation on the
qubit-resonator system and on the resonator itself, although
we have not yet investigated this aspect in sufficient detail to
comment on it further here.
When exposed to ionizing radiation, the resonators become
unstable and exhibit random fluctuations in their resonance
frequency. As the radiation intensity decreases with time, the
fluctuation decreases until the resonator is stable once again
(Fig. 4a-d). This behavior is consistent with previous mea-
surements of superconducting resonators in the presence of
quasiparticles45, 46. We monitor the resonator frequency and
full-width-half-max (FWHM) throughout the duration of the
64Cu radiation experiment. We observe that as the radiation
power decreases, both properties of the resonator fluctuations
decrease until they converge to the value measured during our
control experiment. Furthermore, the median of the resonator
frequency shift (∆ωr) and the FWHM for our measurements
follows an exponential decay as a function of time with a half-
life of t1/2 = (21.74± 2.8)h and t1/2 = (24.16± 0.78)h re-
spectively. The observed decay half-life values are very close
to being twice the half-life of the 64Cu source. This effect can
be explained by quasiparticle induced change in the kinetic
inductance of the resonator. The kinetic inductance of super-
conducting resonators is directly correlated with the number
of quasiparticles47: δLk/Lk = 12δnqp/nqp. Furthermore, the
change in the resonator frequency is directly proportional to
the change in the kinetic inductance: δω/ω0 = α2 δLk/Lk.
Therefore, δω/ω0 ∝ δnqp/nqp. According to Eq. (5) in the
main text, the quasiparticle density depends on the square
root of radiation power, and therefore we expect the resonator
frequency decay constant to be twice that of the radiation
source.
Absorption of radiation power in the sample
According to Eq. (3), the energy relaxation rate due to ioniz-
ing radiation power density absorbed in the aluminum com-
prising the qubit can be written as
Γ1(t) = a
√
ω01PAlsrc(t), (15)
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where Psrc is the power density of the 64Cu source in alu-
minum. Here we calculate how much bigger the impact of
ionizing radiation is on the energy-relaxation rate of the qubit
if we consider total absorbed power in the entire sample –
aluminum plus silicon – instead of the absorbed power in
aluminum only and, ultimately, the absorbed power density in
aluminum, as considered in the main text. As we will show,
the use of power density in aluminum differs from the total
absorbed power by a factor of order unity for our experimental
conditions (absorbed power densities in aluminum and silicon
are similar in our experiment).
The total power absorbed in aluminum is VAlPAlsrc(t), and
we can write
Γ1(t) = α
√
ω01VAlPAlsrc(t), (16)
where VAl is the aluminum volume, and α is an unknown
coefficient. Alternatively, one can consider the total power
absorbed in the whole sample,
Γ1(t) = β
√
ω01 (VAlPAlsrc(t)+VSiPSisrc(t)), (17)
where V are the volumes of the materials and β is a differ-
ent constant. The energy-relaxation rate of the qubit due to
external radiation can be similarly written as
Γαext = α
√
ω01VAlPAlext, (18)
for the absorption in aluminum, or as
Γβext = β
√
ω01
(
VAlPAlext +VSiP
Si
ext
)
. (19)
We can compare the difference of these two ways of estimating
Γext by solving for their relation
fc =
Γβext
Γαext
=
β
α
√
VAlPAlext +VSiP
Si
ext
VAlPAlext
. (20)
We can solve for α and β in Eqs. (16) and (17) and substitute
those to Eq. (20) to yield
fc =
√
VAlPAlsrc(t)
VAlPAlsrc(t)+VSiPSisrc(t)
√
VAlPAlext +VSiP
Si
ext
VAlPAlext
. (21)
Assuming VAl  VSi and that the absorbed power densities
in all the materials are similar, we can simplify the above
equation to give
fc ≈
√
VAlPAlsrc(t)
VSiPSisrc(t)
√
VSiPSiext
VAlPAlext
, (22)
and thus
fc ≈
√
PAlsrc(t)
PSisrc(t)
√
PSiext
PAlext
, (23)
which is the same as Eq. (8) in the methods section. The
absorbed power density from the 64Cu source is given by
Psrc(t) = A(t)ρsrc, where A(t) is the activity of the source as
a function of time. The power densities are provided in the
Extended Data Table 6d. Finally, the correction coefficient is
fc ≈
√
ρAlsrc
ρSisrc
√
PSiext
PAlext
≈ 1.6, (24)
which is of order unity. Note that the result does not depend
on the volumes of either aluminum or silicon, and therefore
the above error estimate can be calculated either using the
total absorbed power in the materials, the power densities
in the materials, or any combination of the two, as long as
the power densities are similar and the assumption VAl 
VSi holds. Even though the impact in our estimate for Γext
does not significantly depend whether we consider power
density in the aluminum or the total absorbed power in the
sample, the numeric value of the coefficient a would be scaled
by the sample volume if we considered the total absorbed
power. Therefore, if the total absorbed power dominates the
quasiparticle generation, changing the volume of the sample
would have an impact on the quasiparticle density as opposed
to the approximation where we only consider the absorbed
power density near the qubit. Verifying which of these models
better describe our superconducting samples is a topic for
future research.
T2 and qubit frequency shift due to ionizing radia-
tion
During the radiation exposure measurement, the T2 coherence
times of the qubits were measured in addition to the energy-
relaxation rate. The quasiparticles are expected to shift the
qubit transition frequency δωq as
δωq =−
√
∆ωq
2}pi2
xqp, (25)
where xqp is the fraction of broken Cooper pairs and ∆ is the
superconductor gap48.
In addition to an average shift in the qubit frequency, the
coherence time T2 of the qubit is reduced due to frequency
fluctuations caused by the fluctuating quasiparticle density.
Extended Data Fig. 5a shows the qubit frequency as a func-
tion of time during the exposure to radiation from 64Cu source
measured using a Ramsey measurement, see Extended Data
Fig. 5b. Panel a shows the Fourier transform of the measured
Ramsey oscillations during the 64Cu exposure experiment.
The frequency of the oscillations corresponds to the differ-
ence between the qubit transition frequency and the frequency
of the control pulses, ωR =ωcontrol−ωq. Panels c - e show the
Ramsey oscillations and fit T2 coherence times at 152 h, 212
h, and 340 h from the installation of the 64Cu source. During
that time, the coherence time of the qubit Q1 improved from
700 ns to 5.8 µs. The average frequency of the qubit shifted
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by −230 kHz, though this estimate is not very accurate due
to the fluctuations in the qubit frequency originating from
sources other than the quasiparticles, such as charge fluctua-
tions. The observed shift can be compared to Eq. (25) with
xqp inferred from the energy-relaxation rate measurement in
Fig. 2, which yields δωq/(2pi) =−15kHz. The shift in the
qubit frequencies is small, yet we observe a clear reduction in
the coherence times of the qubit due to the ionizing radiation.
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